The observation by transmission electron microscopy of six different stable aggregate morphologies is reported for the same family of highly asymmetric polystyrene-poly-(acrylic acid) block copolymers prepared in a low molecular weight solvent system. Four of the morphologies consist of spheres, rods, lamellae, and vesicles in aqueous solution, whereas the fifth consists of simple reverse micelle-like aggregates. The sixth consists of up to micrometer-size spheres in aqueous solution that have hydrophilic surfaces and are filled with the reverse micelle-like aggregates. In addition, a needle-like solid, which is highly birefringent, is obtained on drying of aqueous solutions of the spherical micelles. This range of morphologies is believed to be unprecedented for a block copolymer system. The polymers used in this study are diblocks of polystyrene (PS) and poly-(acrylic acid) (PAA), which we synthesized by anionic polymerization as described before (10). The polydispersity indices of the copolymers, estimated by gel permeation chromatography, were between 1.04 to 1.05. To prepare the colloidal aqueous solutions, deionized water at a rate of one drop every 10 s was added with vigorous stirring to a solution of the copolymer (2 weight %, 10 ml) in N,N-dimethylformamide (DMF). Addition of water was continued until 25 weight % of water had been added. Several of the morphologies described here (with the exception of the vesicles) resemble micelles; however, they should be referred to as micelle-like aggregates (MLAs) because, after preparation under equilibrium conditions and subsequent isolation in water, they are no longer in thermodynamic equilibrium; once the organic solvent is removed, the PS cores are below their glass transition temperature To. However, much of the block copolymer literature refers to the nonequilibrium block co-
Small molecule amphiphile surfactant systems can form aggregates or micelles of various morphologies (1) . Also, depending on the block copolymer composition, multiple morphologies exist in the bulk phase of block copolymers (2, 3) , in block copolymer-homopolymer blends (4) , and in twodimensional micelle systems of amphiphilic block copolymers on water surfaces (5) . In block copolymer solutions, spherical micelles have been identified in many studies (6, 7) . However, nonspherical micelles in solution have been observed only rarely and mostly indirectly (8, 9 The polymers used in this study are diblocks of polystyrene (PS) and poly-(acrylic acid) (PAA), which we synthesized by anionic polymerization as described before (10). The polydispersity indices of the copolymers, estimated by gel permeation chromatography, were between 1.04 to 1.05. To prepare the colloidal aqueous solutions, deionized water at a rate of one drop every 10 s was added with vigorous stirring to a solution of the copolymer (2 weight %, 10 ml) in N,N-dimethylformamide (DMF). Addition of water was continued until 25 weight % of water had been added. (12, 13) was suggested for the system under study because the length of the corona-forming block (PAA) of the aggregates is very short compared to that of the coreforming block (PS). The compositions of the blocks are indicated by x-b-y, where x is the number of styrene units and y is the number of acrylic acid units in the chain. specimens (up to 1200 nm diameter in this image). A micrograph of a section of one of the smaller spheres, along with a schematic picture ( Fig. 2) , shows that the sphere has an internal structure similar to that of block copolymers cast from a solution in a solvent in which the blocks form reverse micelles, with the polar cores on the inside and the styrene in the corona (2). These inverse micelles are, in principle, the phase-inverted versions of the aqueous crew-cut micelles. Such reverse micelles in salt form are soluble in a range of organic solvents and retain their identity in solution indefinitely at room temperature (14) . Because this block ionomer reverse micelle morphology has been explored extensively in bulk and in solution (14, 15) , it will not be described further. The large spheres with hydrophilic surfaces, which makes them stable in aqueous solution, however, are new. Note that the schematic shows a superficial resemblance to a mammalian cell, as well as to the structure of high-impact polystyrene (HIPS) (16) . Examination of micrographs of the aggregates in the range of compositions that give vesicles occasionally reveals lamellar micelles. An example is shown in Fig. 3 for the block copolymer 410-b-16. The thickness of the lamella (24 nm) is of the same order as the wall thickness of the vesicles (22 nm) , as evidenced from the length of the shadowed region.
Although the existence of vesicles made of block copolymers in low molecular weight solvents has been postulated individually on the basis of indirect evidence Thermodynamically, the present system in aqueous solution is not an equilibrium system. However, the multiple morphologies, as well as the dimensions, are a result of a thermodynamic equilibrium that prevailed while the equilibrium micelles or vesicles were being formed in DMF at low water contents during water addition. The different morphologies are thus a manifestation of the thermodynamics during the aggregation process. During aggregation, the cores (styrene-rich regions) would be expected to be swollen by a DMF-rich solvent mixture. As the solvent is removed from the swollen PS cores during the addition of water and the subsequent dialysis, the cores pass the glass transition at room temperature, at which point the core structures become locked. In view of the above, it seems reasonable to think that the morphologies and dimensions seen in Fig. 1 are directly related to those of the swollen cores in the equilibrium state, although they are obviously not identical.
In the block copolymer micelles, the major contributions to the thermodynamics of aggregation are considered to originate mainly from three sources, namely, the core, the interaction between the corona and the solvent, and the core-solvent interface (7). Among these, the contribution of the core, which is influenced by a number of factors, may be the most variable, considering the range of core dimensions and morphologies seen here. The PS chains in the spherical core are stretched in the radial direction compared with their dimensions in the unperturbed state. The degree of stretching is probably proportional to the radius of the micelle core. Therefore, from the dimensions of the various structures in Fig. 1 , it is of interest to estimate how the degree of the stretching of the core-forming PS chains (in the unswollen state) changes as the morphologies change. The stretching 200 grm 
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of the PS chains is greatest in the spherical micelles (the ratio of the core radius to the chain end-to-end distance in the unperturbed state being 1.4); the stretching decreases as the shape changes from spherical to rod-like (ratio = 1.25), and decreases still further as vesicles or lamellae are formed (ratio = 1.0). These ratios are expected to be related to a comparable stretching parameter while the micelles are formed under equilibrium conditions. It has been found experimentally (17) , and also suggested on iheoretical grounds (18) , that the radius of the spherical core increases with a decrease of the corona-forming block length at a constant PS block length, implying a corresponding increase of the degree of stretching of the PS block. Because the stretching results in a decrease in the entropy of the PS chains in the micelle core, it cannot continue indefinitely as the soluble block (PAA) length decreases. At some point, the system becomes unstable (18) . This might explain qualitatively the behavior of the present system. Beyond a certain degree of stretching, the morphology changes first from spherical to rod-like, and eventually to lamellar or vesicular, presumably to reduce the thermodynamic stretching penalty.
It is of interest to study theoretically the relations between structural parameters of block copolymer micelles (7, 18, 19) , the transition between the different morphologies (20) , and the molecular characteristics of the constituent block copolymers. The present system can serve as an experimental reference point for these studies because all of the transitions have been identified. From a practical point of view, it is anticipated that, because of the size and the degree of control that can be exercised over the organic core, the crew-cut micelles may adsorb or release organic chemicals (such as drugs) from or into aqueous solutions with a range of rates. They may thus be useful in the treatment of waste water, or serve as controlled delivery vehicles for hydrophobic drugs. In connection with the latter, the large spheres filled with inverse micelles might be most interesting. They are hydrophilic; however, depending on the composition of the long block, they might be expected to scribed above, we have also prepared a needle-like solid, which forms at the glass-air interface when a solution of the spherical micelles is dried. An optical micrograph (Fig. 4A ) of the appearance of the crack pattern in the dried layer shows that the arrangement of these features is very regular. Soaking the cracked film in water results in a desorption of the needles, which are now highly birefringent (Fig. 4B) . The first-order birefringence colors (yellow and blue) can be observed by using a first-order red plate, which indicates that the needles have either a strained or ordered structure, possibly similar to that encountered in crystals. An important aspect here is that the repeat unit is a large micelle ball, which is several tens of nanometers in diameter. Although both latex particles and block copolymer micelles in solution show a tendency to order into crystal-like structures in certain ranges of temperature and concentration (21), we are not aware of any micelle or latex systems that spontaneously forms macroscopic needles on drying.
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